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Probing the Gating of Ionotropic Glutamate Receptors with Tethered
Photoswitchable Ligands
Andreas Reiner, Ehud Y. Isacoff.
Molecular and Cell Biology, University of California Berkeley, Berkeley,
CA, USA.
Cellular signaling is often mediated by the binding of multiple ligands to multi-
subunit receptors. In the case of ionotropic glutamate receptors (iGluRs), which
are tetrameric ligand-gated ion channels that mediate excitatory transmission
and synaptic plasticity in the central nervous system, the binding of glutamate
both activates and desensitizes the channel, generating a fast transient current.
However, the probabilistic nature inherent to the binding of diffusible ligands
makes it difficult to determine how the ligand occupancy at each subunit con-
trols these gating processes. To circumvent this problem, we use previously
described photoswitchable ligands that can be covalently tethered to the ligand
binding domain of iGluRs [1]. The fast cis-trans photoisomerization of the azo-
benzene linker, in combination with high intensity illumination, enables us to
control ligand binding and unbinding with short (<100 ms) pulses of light.
Here we use this approach to probe ligand-induced activation and desensitiza-
tion in both homo- and heterotetrameric iGluRs.
1. Gorostiza P. et al., Proc. Natl. Acad. Sci. USA (2007) 104: 10865.
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Occupancy of a Single Binding Site is Sufficient for AMPAR Activation
Indrani Bhattacharyya, Rikard Blunck.
Physiology, University of Montreal, Montreal, QC, Canada.
Ionotropic glutamate receptors (iGluRs) are ligand-gated ion channels which
mediate the vast majority of excitatory synaptic transmission in the vertebrate
brain. The AMPAR are comprised of an N-terminal domain, a ligand binding
domain (LBD, both extracellular) and the transmembrane ion channel. As tetra-
mers, AMPAR contain four ligand binding sites and can, thus, bind up to four
glutamatemolecules.Upon binding, theLBD is thought to close like a clam shell,
‘‘pulling’’ the ion channel into the activated state. In order to perform voltage-
clamp fluorometry studies on the AMPAR, we constructed an AMPAR mutant
devoid of cysteine residues, whose functional parameters resembled those of
wildtype AMPAR in the Xenopus oocytes expression system. Ectopic cysteines
were then introduced and fluorescently labeled in the vicinity of the binding site
to monitor ligand binding to the LBDs. We were able to record simultaneously
current and fluorescence changes in response to application of glutamate. The
LBDs closed upon glutamate binding and remained closed during desensitiza-
tion, as probed by a non-desensitizing mutant and in the presence of CTZ.
When analyzing the concentration dependence, our data is consistent with open-
ing of the channel upon binding of a single glutamate. The result is corroborated
by the fact that heteromers of AMPAR with different sensitivity always follow
the concentration dependence of the single most sensitive monomer.
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Imaged by Cryo-EM, Activated and Desensitized GluA2 Glutamate
Receptors Show Extreme Flexibility
Hideki Shigematsu1, Youshan Yang1, Yangyang Yan1, Katharina Duerr2,
Eric Gouaux2, Fred J. Sigworth1.
1C M Physiology, Yale University, New Haven, CT, USA, 2Vollum Institute,
OHSU, Portland, OR, USA.
We have reconstituted into liposomes the same truncated GluA2 protein that
yielded the recent AMPA receptor crystal structure (Sobolevsky et al., Nature
2009). The reconstituted receptors show glutamate-activated and MPQX-
blocked Naþ fluxes. When the proteoliposomes are imaged in cryo-EM in the
presence ofMPQXorwith no ligands, the receptors appear asY-shaped particles
that are indistinguishable from theX-ray structure of theMPQX-bound receptor.
However, in the presence of glutamate or glutamate þ cyclothiazide the extra-
cellular ‘‘arms’’, comprising the ligand-binding domains and amino-terminal
domains of the tetrameric receptor, become detached from one another. The
wide range of conformations is reminiscent of previous negative-stain images
of AMPA receptors from the Walz and Madden laboratories. It appears that
agonist binding is accompanied by disruption of the dimer-dimer interfaces of
the extracellular domains. Under conditions that favor the open and desensitized
states, this AMPA-type receptor appears to be blowing in the Brownian wind.Platform: Exocytosis and Endocytosis
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HID-1 is a Novel Player in the Regulation of Blood Glucose
Wen Du, Pingping Lv, Dongwan Cheng, Eli Song, Tao Xu.
Institute of Biophysics, Chinese Academy of Sciences, Beijing, China.Peptide hormones and neuropeptides are packaged and stored in specialized
intracellular organelles called secretory granules (SGs, also known as dense
core vesicles, DCVs). The molecular mechanisms involved in SG biogenesis
from the trans-Golgi network (TGN) are largely unknown. A gene designated
as hid-1 was identified during a search for mutants with a high-temperature-
induced dauer formation (Hid) phenotype in C. elegans. Hid-1 is highly
conserved from C. elegans to Homo sapiens. Interestingly, the Hid phenotype
of hid-1 mutants is strongly suppressed in C. elegans by mutations in the daf-16
gene, which encodes for a transcription factor downstream of insulin signaling,
suggesting a possible role for HID-1 in the insulin branch of the dauer pathway.
Our recent studies in C. elegans have implicated an involvement of HID-1 in
the early steps of SG exocytosis by controlling the correct sorting of SG
cargoes. We demonstrated that HID-1 primarily localized to the medial- and
trans-Golgi apparatus. We furthered our study of HID-1 functions in a pancre-
atic beta cell-specific HID-1 knockout mouse model. We found that HID-1
participated in the regulation of blood glucose. HID-1 deficiency in b cells
leads to insufficient insulin release. The molecular mechanism of HID-1 is
under investigation.
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Molecular Dynamics Simulations of SNARE Complex Unzipping
Satyan Sharma, Manfred Lindau.
Max Planck Institute for Biophysical Chemistry, Goettingen, Germany.
The SNARE proteins facilitate biological membrane fusion. The neuronal
SNARE proteins, namely VAMP-2, also called synaptobrevin 2, SNAP-25,
and syntaxin-1A together form a coiled-coil complex. The formation of this
SNARE complex is vital for vesicle-plasmamembrane fusion resulting in neuro-
transmitter exocytosis. VAMP-2, located on vesicular membrane, and syntaxin-
1A, located on the plasma membrane, are transmembrane proteins, each with a
single transmembrane domain. SNAP-25 is associated with the plasma mem-
brane through lipid anchors and forms a binary t-SNARE complex with
syntaxin-1A. For fusion to occur, the VAMP-2 zips up with the binary t-SNARE
complex to form a trans SNARE complex. To better understand the mechanism
and energetics of formation of the ternary SNARE complex, we carried out
all-atom molecular dynamics simulations using the OPLS-AA force field to
investigate the unzipping of the SNARE complex. The initial structure of the sol-
uble part of the SNARE complex was based on the 1SFC pdb (Sutton et al., 1998
Nature 95:347-53). The missing residues R262-K265 of syntaxin-1A were
modeled based on 3IPD pdb (Stein et al., 2009 Nature 460:525-28) and the
twoC-terminal residues S205-G206 of SNAP25 added as helical extension using
Modeller. For unzipping, forces were applied between the main chain atoms of
syntaxin K265 and those of VAMP-2 N92, as in unzipping experiments using
optical tweezers (Gao et al., 2012 Science 337:1340-43). Application of har-
monic forces between these residues resulted in unzipping of layers 8 to 6. Unex-
pectedly, this unzipping occurred through separation of syntaxin while the
SNAP-25 SNARE domains SN1 and SN2 remained associated with VAMP-2.
These results suggest that mechanical unzippingmay not necessarily lead to sep-
aration of VAMP-2 from the binary t-SNARE complex and that the C-terminal
association of SNAP-25 with syntaxin may be weaker than that with VAMP-2.
Supported by ERC Advanced grant No.322699.
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Cholesterol Promotes Opening of the SNARE-Mediated Fusion Pore
Benjamin S. Stratton1, Zhenyong Wu2, Jason M. Warner1, George Wei1,
Emma C. Wagnon1, Erdem Karatekin2, Ben O’Shaughnessy1.
1Chemical Engineering, Columbia University, New York, NY, USA,
2Physiology, Yale University, New Haven, CT, USA.
SNARE proteins feature in almost all known intracellular membrane fusion
events, such as exocytosis, the fusion of hormone or neurotransmitter filled ves-
icles with the plasma membrane to release their cargo. SNAREs have been
shown to be the minimal membrane fusion machinery in vitro, driving fusion
on timescales from 10-100ms. A fundamental characteristic of the initial fusion
pore is its flickering between open and closed states, with live cell electrochem-
ical and electrophysiological measurements showing flickering timescales of
~0.1ms to 1 s during exocytosis. The flickering pore characteristics vary greatly,
regulating the amount and the size of the released cargo. The molecular basis of
this physiological regulation is not known. Here, we study flickering statistics of
neuronal SNARE-mediated fusion pores in vitro for the first time. We used total
internal reflection fluorescence microscopy (TIRFM) to measure fusion pores
between reconstituted v-SNARE small unilamellar vesicles (SUVs) and cognate
t-SNARE PEG-supported bilayers (SBLs). From transfer rates of fluorescently
labeled vesicle lipids to the SBL, we measured the fraction of the time for which
fusion pores are open on a single event basis. The accuracywas enhanced by sin-
gle lipid fluorescence intensity, diffusivity and bleaching measurements. We
find that increasing cholesterol content increases the openness of the fusion
Sunday, February 16, 2014 31apore, the fraction of the time for which the pore connects the vesicle and SBL
membranes (~7-fold increase compared to ~10% for cholesterol free bilayers).
Cholesterol also strongly accelerated fusion pore initiation following vesicle
docking. With increasing cholesterol concentration, SNAREs open the fusion
pore a greater fraction of the time than when SNAREs are absent (~2-3-fold
greater with SNAREs than without). Other lipid components tested (PC, PS,
PE) had a minimal effect on pore openness. Thus, we find that cholesterol
promotes fusion pore opening in SNARE-mediated fusion.
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Protein Mobility in Secretory Granules and Fusion Pore Expansion:
Factors Affecting Protein Secretion
Annita Ngatchou-Weiss1, Mary A. Bittner1, Arun Anantharam2,
Daniel Axelrod3, Ronald W. Holz1.
1Pharmacology, University of Michigan, Ann Arbor, MI, USA, 2Biological
Sciences, Wayne State University, Detroit, MI, USA, 3Physics and LSA
Biophysics, University of Michigan, Ann Arbor, MI, USA.
We evaluated the importance on post-fusion discharge rates of the mobility of
specific lumenal proteins within chromaffin granules in living cells. Two fluores-
cent proteins were investigated: tissue plasminogen activator (tPA-cerulean),
which is discharged over many seconds after fusion, and NPY-cerulean, which
is discharged within 200 ms. We developed a method not limited by optical res-
olution to measure the mobility of fluorescent proteins within individual secre-
tory granules in living chromaffin cells. A bright flash of strongly decaying
evanescent field (64 nm exponential decay constant) produced by TIRFM selec-
tively bleached fluorophore that was proximal to the glass coverslip in individual
granules (300 nm diameter). Fluorescence recovery occurred as unbleached flu-
orophore from distal regions of a granule diffused into the proximal regions. This
experimental approach is accompanied by a new theoretical, quantitative anal-
ysis of recovery that takes into account the evanescent field depth, bleach effi-
ciency, the limited number of total fluorophore molecules in a granule, granule
diameter, and duration of bleach. The method and analysis permitted measure-
ment of tPAmobility within chromaffin granules and a comparison of the mobil-
ities of tPA-cerulean and NPY-cerulean. The diffusion coefficient of lumenal
tPA-cerulean was 2 x 1010 cm2/s, ~1/3000 of the expected mobility in aqueous
solution. The diffusion of NPY-cerulean was too fast to be resolved. A second
goal bearing upon discharge rate was the measurement of fusion pore expansion
using polarized TIRFM (Anantharam et al., J.Cell.Biol.2010,188:415-28.). We
found that the membrane curvature change due to the fusion pore was much
longer lived upon fusion of granules containing tPA-cerulean rather than NPY-
cerulean. We quantitatively evaluated the relative roles of low protein mobility
within a granule and a restricted fusion pore in determining the release kinetics
from individual fused granules. ANW support NIH fellowship (T32-HL-007853)
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Nanostructure-Induced Membrane Curvature Recruits Endocytosis
Machinary in Living Cells
Wenting Zhao1, Lindsey Hanson2, Ziliang Lin3, Yi Cui1,4, Bianxiao Cui2.
1Materials Science and Engineering, Stanford University, Stanford, CA,
USA, 2Chemistry, Stanford University, Stanford, CA, USA, 3Applied
Physics, Stanford University, Stanford, CA, USA, 4Stanford Institute for
Materials and Energy Sciences, SLAC National Accelerator Laboratory,
Menlo Park, CA, USA.
Nanotechnology innovations have advanced biological science by providing new
tools for probing cellular process. Whether or how cellular processes are altered
upon interactingwith such small scale devices are, however, notwell understood.
One crucial yet overlooked phenomenon is that nanostructures can induce local
curvatures on plasma membrane. Modulation of local membrane curvature is
known to be important in creating micro-domains for endocytosis initiation.
In the present work, we used electron-beam lithography to make patterned
nanopillars arrays with controllable diameters from 60nm to 2000 nm. From
both SEM and TEM studies, nanopillars were found to sufficiently induce
membrane curvature in living cells. By culturing mammalian cell lines with
fluorescent protein labeled clathrin and dynamin on nanopillar substrates,
recruitment of these two key proteins in endocytosis machinery were found
to preferentially happen on nanopillars in comparison to flat surfaces. Similar
phenomenon was also found in adaptor protein AP2 and BAR domain proteins.
More interestingly, when changing the nanopillar to other geometries, e.g.
nanobar and nanoCUI, such recruitment was found to more correlated with
positive and large curvatures. We further studied the dynamics of clathrin
and dynamin on nanostructures with gradient geometry, and differential effects
were observed. This work provides new insights on the curvature dependent
recruitment of endocytosis machinery proteins in living cells, and demonstrates
the possibility of using nanofabricated structures as a new platform for mem-
brane curvature manipulation.173-Plat
A Dynamin Mutant Defines a Super-Constricted Pre-Fission Step
Anna Sunborger1, Jurgen A. Heyman1, Shunming Fang1,
Joshua S. Chappie2, Jenny E. Hinshaw1.
1NIDDK, NIH, Bethesda, MD, USA, 2Cornell University, Ithaca, NY, USA.
Dynamin is a 100 kDa GTPase that assembles around the necks of invaginated
clathrin-coated pits to catalyze membrane fission during the final stages of
clathrin-mediated endocytosis. Purified dynamin assembles into helical arrays
on lipid templates that resemble the dense collars observed at the necks of
clathrin-coated pits in vivo. Recent evidence suggests that the GTP transition
state of dynamin serves as a key determinant of productive fission. The transi-
tion state stabilizes G domain dimerization, which optimally positions the cat-
alytic machinery and thereby enhancing its intrinsic GTP hydrolysis rate. In the
helical array, G domain dimerization between dynamin molecules only occurs
between neighboring rungs of the helix. Thus, the architecture of the dynamin
polymer ensures that assembly and stimulated turnover are tightly coupled.
Here we present a three dimensional structure of a transition-state-defective
mutant in the penultimate fission status at 13.5 A˚ resolution. This structure is
tightly constricted with an inner luminal diameter of 4 nm, reaching the theo-
retical limit required for spontaneous fission. Computational docking of dyna-
min crystal structures into the 3D reconstruction suggests that a GTP ground
state, and not stimulated GTP hydrolysis, drives the dynamin polymer into
the super-constricted pre-fission state. Computational docking also positions
the proline-rich domain (PRD) close to the G domain, which supports the
notion that the PRD can modify the GTPase cycle. The surface accessibility
of the PRD allows dynamin partners to bind dynamin throughout its GTPase
cycle, and regulate assemble, fission and disassembly.
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Clathrin Aggregation by Rotational Brownian Dynamics
Ioana M. Ilie, Wouter K. den Otter, Wim J. Briels.
Twente University, Enschede, Netherlands.
Endo- and exocytosis are processes associated with the transport of nutrients
and proteins in to and out of living cells. Upon entering a cell these molecules
are collected and encapsulated in vesicles for further transport within the cell.
The central protein in the formation process of these vesicles is clathrin. Cla-
thrins consist of three long legs that enable them self-assemble into vesicles
and transport cargos within the cell.
We investigate the formation and structure of clathrin cages bymeans of computer
simulations. To achieve this, we developed a highly coarse-grained patchy parti-
cle model by representing a clathrin protein as a rigid triskelion with interaction
sites on the legs. To simulate their dynamics, we have developed a novel Brow-
nian Dynamics algorithm[1] to describe the
realisticmotion of the protein. Our algorithm
overcomes complications traditionally asso-
ciated with rotational dynamics of aniso-
tropic particles.
We will show results of the self-assembly
of clathrin[1] into cages on a time-scale
that is comparable to experimental data.
In addition, the simulated cages are struc-
turally similar to those observed by in vitro
experiments and the simulations predict the
clathrin interaction strength[2].
[1] I.M. Ilie, W.K. denOtter and W.J.
Briels, in preparation(2013).
[2] W.K. denOtter and W.J. Briels, Traffic, 12(2011)
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Quantifying the Dynamic Interactions between a Clathrin-Coated Pit and
Cargo Molecules
Aubrey V. Weigel1, Michael M. Tamkun2, Diego Krapf1,3.
1School of Biomedical Engineering, Colorado State University, Fort Collins,
CO, USA, 2Department of Biomedical Sciences, Colorado State University,
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State University, Fort Collins, CO, USA.
Clathrin-mediated endocytosis is a major pathway of internalization of cargo
molecules in eukaryotic cells. This process involves the recruitment of cargo
molecules into a growing clathrin-coated pit (CCP). However, cargo-CCP in-
teractions are difficult to study because CCPs display a large degree of lifetime
heterogeneity and the interactions with cargo molecules evolve over time. We
use single-molecule total internal reflection fluorescence (TIRF) microscopy, in
combination with automatic detection and tracking algorithms, to directly visu-
alize the recruitment of individual voltage-gated potassium channels into form-
ing CCPs in living cells. Contrary to widespread ideas, cargo often escapes
